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Abstract 

We show that the very light spin-1 gauge U-boson of the extra U{1)' gauge model in the frame- 
work of the supersymmetric standard model extension can be a good candidate of the new light 
particle suggested by the HyperCP experiment. We demonstrate that the flavor changing neutral 
currents (FCNCs) for the HyperCP events in the decay of S"*" pjj,^ can be generated at both 
tree and loop levels. In particular, we find that the loop induced s — > dU transition due to the 
tensor-type interaction with the dimension-5 electric dipole operator plays a very important role 
on the FCNCs. Our explanation of the HyperCP data with the spin-1 U-boson is different from 
that based on a light pseudoscalar Higgs boson or sgoldstino in the literature. In particular, the 
U-boson involves a rich phenomenology in particle physics as well as cosmology. 
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An unexpected large branching ratio (BR) for E"*" — > pfi~^fi~ has been measured to be 
[S.Gl^g 4(stat) ± 5.5(syst)] x 10^® by the HyperCP experiment at Fermilab Due to the 
short- distance contributions being neghgible, this "anomalous" result could just reflect the 
uncertain long-distance effects jjlsl. However, the unforeseen result is actually based on 
three observed events, which all appear at the narrow range of the dimuon mass distribution 
in S"*" — i> pfi~^fi~. The probability for the three events arising from the form- factor decay 
spectrum in the standard model (SM) is estimated to be around 0.8% Therefore, a 
more accessible speculation is that a new neutral resonance, denoted by X^, with mass of 
214.3 ± 0.5 MeV has been produced through the decay chain pX^,X^ fi~^fi~ and 

the corresponding BR is i3(S+ ^ pX°,X° ^ = [3.1+|^(stat) ± 1.5(syst)] x 10-^ fl. 

To be consistent with the HyperCP events, this new particle is assumed to be light 
and weakly couple to the SM particles. Subsequently, several possible candidates for this 
new particle have already been suggested, such as a light pseudoscalar Higgs boson in the 
next minimal standard supersymmetric model (NMSSM) |5| and a light sgoldstino in some 
supersymmetric models Gj. In addition, a model- independence effective interactions via 
scalar, pseudoscalar, vector and axial vector currents have also been analyzed in Refs. [3, 
8|, ISj. In this study, besides giving a specific model to realize the conjecture on axial vector 
currents which have been studied by the model-independent approach, we will show that the 
tensor-type effective interactions missed in the literature are also important for the HyperCP 
data. 

In the SM, the flavor changing neutral currents (FCNCs) are generated by quantum 
loops. Consequently, it is believed that due to the loop suppression and Glashow-Iliopoulos- 
Maiani (GIM) mechanism [10|, the associated FCNC processes are usually sensitive to the 
new physics effects. It has been known that there exist many extensions of the SM, such as 
supersymmetric 11 1, left-right symmetric |l2| and flavor-changing Z' jisl. [l^ models, which 



all involve new flavor structures and induce new FCNCs at loop and/or tree levels. After 
surveying the models in the literature, we find that the simplest extension of the SM, that 
could naturally provide a light spin-1 boson and axial couplings to the SM fermions, is the 
super symmetrized f/(l)' gauge model. 

It has been shown that a new neutral gauge boson associated with an extra f/(l)' gauge 



symmetry is a necessity to be responsible 
the generation of large sfermion masses 



br the spontaneous supersymmetry breaking and 
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To distinguish from the normal Z'-boson, 



2 



here we use [/-boson to represent the new gauge boson. Since the U-boson is regarded 
as the spin-1 superpartner of the massless spin-1/2 goldstino, its features include (a) axial 
and weak couplings to the fermions and (b) a very light mass IgI. The special characters 
of the U-boson as well as its related phenomenologies have been discussed extensively in 
Refs. 0, Q, [19I . I20I . In addition, the studies of directly detecting the U-boson at BESIII 



and identifying it as can be found in Ref. 2l|]. As to other possible light gauge boson 



physics, one could refer to Refs. 



22 



23| . In this paper, we are going to demonstrate that the 



spin-1 f/-boson in the supersymmetric U{iy model could be the candidate of the new light 
particle In particular, we will show that the model provides the mechanism of FCNCs 
in S+ pfi^fi^ for the HyperCP events at both tree and loop levels. We emphasize that 
the loop induced s dU transition involves the electric dipole type of tensor interactions, 
which has not been investigated yet in the literature. 

To make the model to be more concretely, we adopt the simplest approach proposed in 
Ref. [l^, in which the theory is based on the framework of supersymmetry (SUSY) with 
SU (3)c X SU (2) L X U{1)y X f/(l)x gauge symmetries. To get correct symmetry breaking, the 
model involves two Higgs doublets Hu,d and one singlet A^. Since the couplings between the 
U-boson and SM fermions are very weak, with the z/^e scattering, the mass of the U-boson 
could be less than a few hundreds MeV. In our model, since the couplings of the U-boson 
to SM fermions are through axial vector currents, in order to make the model be anomaly 
free, it is necessary to introduce new heavy fermions with opposite f/(l)' charges to ordinary 
fermions. Moreover, the U{1)' charges of quarks would be different for different generations 



like the nonuniversal Z' model 
the models in the literature 15 
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Jl. It should be noted that the fermion t/(l)' charges for 
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2l| are generation blind and therefore, the 



U-boson in our discussion here should be viewed as a variation of the conventional U-boson 
in the literature. Nevertheless, the main features of the U-boson are the same. 

To investigate the U-boson effects, we start by writing the interactions of the U-boson 
and fermions as 



^ffU = -9U Qf [fRljR - flli^fL] 
f 



where gu denotes the gauge coupling of f/(l)', Q/ is the U{iy charge for the corresponding 



particle and / 



L(R) 



PL{R)f with Pl 



(R) 



[1 =1= 75)72. As an illustration, we may take 



Q2 = —Qi = q and Q3 = 0, where 1, 2 and 3 are the family index. In this simple toy model, 



no more exotic fermions are needed as the U{iy related anomalies are cancelled among the 
first and second families and the Yukawa couplings are ok, while Eq. ([1]) is obtained. Of 
course, to have a realistic CKM mixings, a more complex Higgs structure is needed. From 
Eq. ([T]), since gauge charges are generation dependent, FCNC interactions can be generated 

by 

guDaJv^QV^'PR-Vi'QVl''PL) D,U\ (2) 

where Di represents the physical eigenstate of the down quark, diagQj = Qi and V^^^^ are 
the unitary matrices for diagonalizing the down-type- quark Yukawa matrix V^. We note 
that the flavor number of down quarks in the anomaly-free model could be more than three. 
From the above result, it is clear that although Eq. ([1]) contains only axial couplings, due to 
the misalignment between and V^, in general the effective interactions of the U-boson 
and quarks have not only axial vector currents but also vector ones. 

It has been known that without finetuning, the CP violating phases in models with 
SUSY bring a large effect on the neutron electric dipole moment (NEDM). To solve this 



problem, the Yukawa and SUSY soft breaking matrices could be considered as hermitian |2J] , 
i.e., = and A'^'^ = A'^, respectively. Interestingly, the hermitian could be naturally 
realized in the extensions of the SM, such as left-right symmetric models 25|. Moreover, 
with hermitian Yukawa matrices, one can show that in the supergravity framework, A*^ is 



nearly hermitian even after including renormalization group running effects [24]. Despite 
the origin of the hermiticity, if we adopt a hermitian matrix of Y , since 

^dia ^ yDydyDt^ 

immediately we get V/^ = V£ = V^. Accordingly, from Eq. ([2]) the FCNC for s dU at 
tree level is found to be 

C = -guVi2d^^^^sU^ + h.c. (3) 

where V12 = iy^Qy^'')i2- Clearly, we successfully obtain the FCNCs at tree level in 
the specific model. Meanwhile, we find that when Yukawa matrices have the property of 
hermiticity, axially coupled effective interactions between the U-boson and quarks in the 
physical states are returned as Eq. ([T]). It should be an interesting problem to ask how 
reliable the hermitian Yukawa matrices are. Moreover, it is worth discussing about the mass 
matrices of quarks. It has been known that the determination of flavor mixing matrices 
(F=D, U) is governed by the detailed patterns of the mass matrices. In terms of data, the 



CKM matrix, defined by Vj^V['\ is approximately a unity matrix. Accordingly, the quark 
mass matrices are very likely aligned and have the relationship oi M.^, = M.u + A(A^) with 

Mu{D) = Mu{D)/mt(b) 



27 



28 



291], where A is the Wolfenstein parameter. In Ref. 29||, it 



showed that the Fritzsch quark mass matrices, given by 

/ 

Mp = RpMpHp with Mp = 



26, 



28 



(4) 



Af 
Af Bp 
y Bf Cf I 

where Rf and Hp are diagonal phase matrices, could lead to reasonable structures for the 
mixing angles and CP violating phase in the CKM matrix just in terms of the quark masses. 
Interestingly, when Rf = Hp, the simple Fritzsch mass matrices are hermitian. That is, 
although hermitian mass matrices of quarks are a subset of general cases, the simple patterns 
have brought us enough information for the flavor physics. Hence, in our following analysis 
we will adopt the assumption of hermiticity for the Yukawa matrices. We remark that the 
interaction in Eq. ([3]) can be easily extended to those with b s and b d transitions ^ . 

From Eq. ([3]), we aware that FCNCs at tree with the axial coupling for the s ^ d 
transition in the literature could arise from the nonuniversal supersymmetric U{1)' model. 
In addition, because the interacting form of Eq. ([3]) is the same as that parametrized by the 
model-independent approach. We can take the procedure discussed in the Refs. js, T,!^], ^ 
to constrain the parameter guVi2- Consequently, if the events of the Hyper CP data are 
regarded as the production of the resonance, with the narrow width approximation, the BR 
for S"*" — s> pU,U fi'^fi" can be written as the product of pU) x B{U — > fi'^fi"). 

Since the anomalous events show up only in the dimuon mode, it is plausible to take B{U — >■ 
~ 1. We remark that in general the U particle would also couple to the electron and 
neutrinos. In this CclSG, clS the experimental constraints on Eq. ([3]) from ^ ii {i = e, u) 
are much weaker than , our numerical results in the foUowings need to be simply 

rescaled. Hence, using Eq. ([3]) and the results of the Chiral Lagrangian for the S"*" — > pU 
Tansition, by fitting the HyperCP data one easily finds that |5'f/Vi2p ~ (4.4l2;7±2.1) x 10~^° 



To take the interaction in Eq. ([3]) more seriously, we should examine whether other 
experiments will give a more stringent constraint on QuV^. It has been analyzed that 
in fact, except S+ pfi~^fi~, the most serious bound is from —* fi'^fi" instead of the 
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— K^ mixing [3, Q]- From the results in Ref. [8| and by adopting B{Kl — ^ /i^/i ) < 10 



-10 

one obtains \guVi2\^T{U < 2.8 x 10"^° with 

where is the U{\)' gauge charge of the muon. Fortunately, the unknown parameter guQfj, 
can be directly constrained by the muon anomalous magnetic moment. Thus, the U-boson 



mediated muon g — 2 can be calculated to be [20|, l31| 



with g^, = guQf, and 



^ / X z(l - z)(A - z) + 2az^ 
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1 — z + az' 

According to the current data, we know that the difference between the experimental value 
and the SM prediction is Aa^ = a;fP - af^ = (22 ± 10) x 10^^° [32]. Using Aa^, < 10"^ 



and Eq. ([5]), the limit on the partial decay rate is given by r[U — > ) < 5.5 x 10 
Combining with the bound of we get 

|^7f/^i2|'<5x 10-^^ (6) 

Obviously, E"*" — > pfi~^fi~ itself provides stronger constraint on the flavor changing parameter 
when BR{U fJ'~^f^~) ~ 1 is assumed. 

So far, we have just paid attention to the effects of Eq. ([3]), arising from the FCNCs at 
tree level via axial- vector current interactions. Next, we will introduce another interesting 
tensor type dipole operator which has been missed in the literature and can have significant 
contributions to the HyperCP data. To introduce the new type interaction for s d^^fi~ 
in a model- independent way and avoid the strong constraint from K — > 7rfi~^fi~, we first 
parametrize the new interaction to be a dimension-5 dipole operator, given by 



= -^dia^'^^.sXl^ + h.c, (7) 

where A^r denotes the energy scale of new physics, (/^s is a dimensionless parameter and 
= - dyX^. We note that the interaction in Eq. ^ gives no contribution to 

K TTfi'^fi" due to the parity conservation in strong interaction and moreover, it does 
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not contribute to Kl fi'^fi either, unlike that with^the axial-vector type interaction. In 

I33I. the transition matrix element 



terms of (p|(icr^j.75s|S) = c^pa^ulb^ and = -1/3 [3 
for S"*" — > pX^ is written as 



An 

and the transition amplitude square is obtained by 

|M(S+ pXa)\^ = 4ms {gr^c^f [iExPp ■ Px - m^Ep + d,mpm\] . 
Consequently, the BR for the decay chain is found to be 

If the anomalous HyperCP events are dictated by the electric dipole operator in Eq. (JTj), we 
find 

2 



i5(X0-./iV) = (l.4liJ;°^±0.68)l0^i9Gey-^ 



(8) 



With B{X^ A*^/^") ~ 1) Eq. (IHl) could be regarded as the bound on g^^/Aj^ model- 
independently. 

After analyzing the importance of the dimension-5 dipole operator, the question is how 
to construct a physical model to satisfy the condition in Eq. ([8]). In what follows, we are 
going to demonstrate that the new type operator in Eq. could be realized in the U-boson 
model. Since the R-parity in our consideration is conserved, to examine the U-boson effects 
in the SUSY framework of models, we also need to know the couplings of the U-boson and 
squarks. In terms of SUSY, from Eq. ([1]) the interactions of the U-boson to squarks are 
found to be 



^f-fu = -Wu 2_, Qf [f*R ^1^ fR - fl ^1^ fL 

f 



Clearly, to get the s — > dU transition, we need to calculate the U-penguin diagrams illus- 
trated in Fig. [H In the figure, the mass insertion parameters are defined by 

isi)LR = ^ (Af^v, - , (9) 




FIG. 1: U-penguin diagrams for s dU . 

where rriq is the average squark mass, Vd{u) is the vacuum expectation value (VEV) of Hd{u) 
and /i is the mixing parameter of and Hu- 

As usual, we employ the mass insertion approximation to estimate the contributions in 
Fig. [1] and the result is obtained to be proportional to 

fsJia,. [K)^^Pr - K)^^Pj] sU^'' (10) 

with U^"" = d'^U" - d'^W and fsd = QuiQs - Qd)- Here, the super-Cabibbo-Kobayashi- 
Maskawa (SCKM) basis has been adopted, i.e., the squark fields have been transformed into 
the states that is diagonalized. In addition, the interactions for the gluino-quark-squark 
are taken to be 

where Qg is the strong coupling constant and T'^ denotes the Gell-Mann matrices. Although 
the U-boson is axially coupled to quarks in the interacting eigenstates and its couplings 
to the left-handed and right-handed squarks are the same (opposite) in magnitude (sign), 
due to the misalignment between quarks and squarks in the physical states, the transition 
amplitudes for s dU induced by the U-penguin diagrams involve not only electric dipole 
but also magnetic dipole operators. In the early analysis, we have shown that a hermitian 
could naturally lead to pure axial-vector couplings. Moreover, the hermiticity of Y"^ also 
makes the A'^ be nearly hermitian. Hence, by utilizing the hermiticities of and A'^, the 
mass insertion parameters could be simplified to be 

{8i2)RL ^ {5i,)LR . (11) 

It is worth mentioning that with the same requirement, one can also find that CP asymme- 
tries in A ^ pvr decays could naturally be as large as 0(10""^) where the SM prediction is 
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0(10 ^) 35|. With the property in Eq. (fTTj) . the exact transition of s ^ dU in Eq. (fTOj) can 



be written in terms of the dimension-5 operator as 



J0dim5 = -TT^dia^iy'j^sU'"' + h.c. (12) 
2mg 



where 



95 = ^fsMSt2)B.L (13) 

with Cf = 4/3, X = m?/m? and rrig being the gluino mass. By comparing to Eq. (I7j), here 
the new physics scale can be identified to be the SUSY breaking related scale, i.e. An = rrig. 

We now examine the naturalness for to satisfy the limit of the HyperCP data given 
by Eq. ([8]). From Eq. f|T3|l . we see that the unknown parameters are the average gluino and 
squark masses, fsd and {5^2) rl- It is known that (5^2)-??^ associated with a specific value 



of X could be constrained by the — mixing. According to the results in Ref. 34j . 



we present the constraints in Table [B From the decays of rj' UU and rj — > [/[/, we can 
TABLE I: The constraints on {6f2)RL by Amx with niq = 500 GeV and x = m^/m'^ being 0.3, 



1.0 and 4.0, respectively 



X 


0.3 


1.0 


4.0 




7.9 X 10-^ 


4.4 X 10-3 


5.3 X 10-3 



get the direct constraints for fg = QuQs and fd = QuQd to be < 5 x 10 ^ and 3.18 x 10 ^, 
respectively fl9|], which lead to fsd = fs — fd<<i>^ 10"^. Since the direct constraints on the 



parameters are looser, we take fsd as a free parameter to fit the HyperCP data. However, 
it is clear that with a small value of as the one in Eq. ([6]), the effect of Eq. ( |T2l) will 
disappear. With nig = 500 GeV, the value of as a function of fsd is presented in Fig. [2l 
From the results, we see clearly that the dimension-5 operator induced by the U-boson in 
super symmetric models also provides a plenty of allowed space (the band in Fig. [2]) for the 
HyperCP data. Explicitly, with fsd ~ 2.5 x lO'^ and x ~ 1, we obtain gl/rn^ ~ 10^^^ 
GeV"^ which is within the mo del- independent constraint shown in Eq. ([8]). 

In summary, we have studied the scenario of the very light gauge U-boson which we akly 



couples to fermions in the framework of SUSY with one extra U{\y gauge symmetry 16|. 



We have shown that the spin-1 U-boson can be a good candidate of the new light particle 
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FIG. 2: gl/m^ as a function of fsd-, where the sohd, dashed and dot-dashed hnes denote x = 0.3, 
1.0 and 4.0, respectively, and the band is the HyperCP data with la errors. 



suggested by the HyperCP experiment. In the model, we have found that the FCNCs 
for the HyperCP events in the decay of E"*^ — > pfi~^fi~ can be generated at both tree and 
loop levels. In particular, we have pointed out that the loop induced s dU transition, 
involving the tensor-type interaction with the dimension-5 electric dipole operator, plays 
a very important role on the HyperCP data. This interaction has not been investigated 
previously in the literature as it gives no contributions to —>■ fi~^fi~ and K — > 7Tfi~^fi~. 
Finally, we remark that the contributions from Eqs. ([3]) and (fT2|) to T,^ pe~^e~ are 
negligible in comparison with that in the SM The study of the tensor interaction has 
an impact on the decay of Kl — * 7/i'^/i~ and similar discussions can be also generalized to 



B and r decays 



]. Our explanation of the HyperCP events with the spin-1 U-boson is 



a light sgoldstino in Ref 



clearly different from that _based on a light spin-0 pseudoscalar Higgs boson in Ref. or 



In particular, we emphasize that the U-boson can invo 



rich phenomenology in particle physics as well as cosmology 
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